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Abstract 
The present paper is engaged in an experimental study over a rise-time of smoke layer interface and deduced the relation between
dimensionless rise-time of smoke layer interface and dimensionless height of the shaft. Based on the theoretical results, the rise-
time of smoke layer interface is measured by using small scale shaft which are located at the PolyU/USTC Atrium. Our study 
shows that the rise-time of the smoke layer interface be inversely proportional to the 1/3 power of heat release rate of the fire 
source, and proportional to the 1.05 and the 1.50 power of the height in open and closed shafts, respectively. Furthermore, it is
also proved that the smoke layer interface movement in open shaft be faster than that in a free space and closed shaft due to the
stack effect. Under the same fire source and shaft dimensions, the velocity of smoke spreading in closed shaft is the least one.
© 2011 Published by Elsevier Ltd. 
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1. Foreword 
1. Introduction 
In ultra highrise buildings, there are usually many long shafts constructed for elevators, electric power cable, 
telecommunications, ventilation and so on.  Fire and smoke develop in the continuous installation shafts are much 
different from in common compartment fire scenarios.  In some shafts, such as for elevators and electric power cable, 
smoke is not allowed entering and this type of shafts should be properly protected from being exposed in smoke 
when a fire occurs; while there are other shafts which are designed for the purpose of ventilation with its small 
cross-sectional area and large length [1].  But using shafts to vent smoke under a fire has caused debates as it 
occupies space of building and there is no strong evidence or full scale experiment data of its capability of smoke 
ventilation in ultra highrise building.  In an ultra highrise building where dynamic smoke extraction system is hard 
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to install for its long and complex ductwork, ventilation shaft can be considered as a means for smoke discharge by 
stack effect [2,3].  In this research, a rise-time of smoke layer interface in vertical shaft was measured by using scale 
model and full tests. So it could be regarded as a basic study on the feasibility and impact factor of the efficiency of 
shaft ventilation in ultra highrise buildings[4].
Regarding the transient plume rise-time from a point heat source in a free space, Zukoski presented an insight 
on the dependence of the rise-time on height from fire source and heat release rate[5] and Turner, in an earlier paper, 
also presented a theory and data from salt water experiments[6]. But these were limited to plumes in a free space and 
there is no experimental data using a real fuel to have been made available. Tanaka[7] made some investigations into 
the fundamental nature of the rise-time of transient fire plumes above fire sources. Heat release rate of the fire 
source and space geometry were considered to be two important governing factors of the rise-time. He found a 
relationship between the two vertical transient rise-times of hot gases which are generated immediately after ignition 
of fire sources. But he only considered the buoyant flow, not stack effect.  
The cognition to typical character of smoke layer interface movement induced by stack effect in vertical shaft 
is much important for fire detection, sprinkler system, structure protection and smoke control etc. In this study, a 
series of experiments were performed in two styles of shaft: (1) open shaft (i.e. a vertical space with no roof such as 
a void space) and (2) closed shaft (i.e. a vertical space with a roof such as a thin atrium).Based on the experimental 
data and theoretical analysis, the relation, between dimensionless rise-time of smoke layer interface in vertical shaft 
and dimensionless height of shaft, was deduced.   
2. Theoretical consideration 
In fire plume, smoke layer is not partitioned off from air zone clearly. There is a theoretical boundary between 
them, as depicted in Fig.1. In practice, the smoke layer interface is an effective boundary within a transition buffer 
zone. Below this effective boundary, the smoke density in the transition zone decreases to zero[7]. In this study, the 
rise of smoke layer interface was selected to study the character of plume movement in shaft. 
Smoke layer interface 
Fire source 
Fig.1 Smoke layer interface 
Smoke layer 
Air zone 
An attempt is made here to presume the basic relationship to govern the rise-time based on existing knowledge 
for steady state fire plumes [8-11].
Assuming that the effect of the heat transfer from a fire plume to surrounding walls is insignificant, a 
relationship between a temperature rise and a flow velocity of smoke and the heat release rate of a fire source is 
obtained as follows:  
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Where cp is specific heat of air at constant pressure, ρ , ,w and A are a characteristic density, a 
temperature rise, a velocity and a horizontal section area of the plume, respectively, and Q  is the heat release r
a fire source
TΔ
.
ate of 
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In closed shaft and free space, since the smoke movement velocity w is induced by buoyancy due to a 
difference in density, or temperature, between the plume and the ambient air, the relationship is achieved as follows:  
( / ) ( / )w g z g T Tρ ρ
∞
∝ Δ = Δ z                                  ˄ 2 ˅
Where g is a acceleration due to gravity, ρΔ
∞
 is a characteristic density difference between the plume and the 
ambient air, z is a height above the source and T  is a ambient temperature. 
Substituting Eq. (2) into Eq.(1) yields the relationship as follows: 
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Further, substituting Eq.(3) into Eq.(2),  
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is obtained or in terms of an alternative expression using a dimensionless flow velocity /w gD ,
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Where D is a characteristic length of the space, for which the side length of the horizontal section of a space is 
chosen in this study, and is a dimensionless heat release rate, defined using the characteristic length D.
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Note, however, in deriving Eq.(5), it was regarded that the plume density ρ  is not significantly different from 
the ambient air density 
∞
ρ  under small fire source, that is ρ ρ
∞
≈ .
Considering the relationship given by Eq.(4), the rise-time of plume from the source to a given height z is 
expected to be: 
1/31/3.
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z zdz At Q
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∝ ∝ ¨ ¸© ¹³ ³ dz                                      ˄ 7 ˅
or letting τ be the dimensionless rise-time defined by: 
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A dimensionless expression alternative to Eq.(7) can be derived as: 
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Where use was made of the following relationship: 
³ ³ −=∝ DdzgDwgDwdzt 1)(
2.1. Region without a boundary constraint  
In case of a fire plume in a free space, a traditional suppose is used that the radius of the horizontal section of 
the fire plume increases proportionally to the height from the source[12-14], hence the horizontal section area of a 
plume increases proportionally to square of the height. The relationship of the plume sectional area with height will 
be as: 
2A z∝                                                      ˄ 1 0 ˅
Substituting this into Eq.(7) yields the relationship as follows: 
1/3.
4 /3t Q z
−
∝                                                  ˄ 1 1˅
That is, the rise-time of plume in the region with no boundary constraint is expected to be inversely 
proportional to 1/3 to heat release rate, and proportional to 4/3 to height. Or substituting Eq.(10) into Eq.(9), we 
have the expression alternative to Eq.(11) in terms of the dimensionless time τ and height z/D as follows: 
4 /3z
D
τ
§ ·
∝ ¨ ¸© ¹                                                   ˄ 1 2 ˅
2.2. Region with a boundary constraint (closed shaft) 
In a closed shaft, a lateral development of a fire plume is considered to be constrained by the boundary walls in 
the region far from the source, so the plume horizontal sectional area is expected to be controlled by the horizontal 
sectional area of the space, that is:  
2A D=                                                      ˄ 1 3 ˅
Substituting this into Eq.(7) yields a relationship for the rise-time t as follows:  
1/3.
2 /3t Q z
−
∝                                                  ˄ 1 4 ˅
That is, the rise-time of a fire plume is expected to be proportional to 2/3 to height in the region far from fire 
source. Or, alternative to Eq.(14) we can have a dimensionless form as: 
2/ 3z
D
τ
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Comparing the dimensionless rise-time between a free space and closed shaft, the velocity of plume rising in 
closed shaft is more than that in free space due to few air-entrainments into the shaft. So the temperature in closed 
shaft is higher. But the assumption is that the heat transfer to side of shaft is insignificant. 
2.3. Region with a boundary constraint (open shaft) 
In an open shaft, the driving force is not only buoyancy[15]. So Eq.(2) is not suitable. The pressure difference 
between inside and outside of the shaft accelerates the plume rising. But it leads to much entrainment into shaft, 
which cools the temperature inside of shaft. Here, the temperature difference between inside and outside of shaft is 
little under small fire source. Thus, the deduction on rise-time of plume is very complicated. A direct tool to resolve 
is a experiment method. 
    The movement of fire plume induced by stack effect in vertical open shaft is very fast, so the rise-time of smoke 
layer interface could not be measured accurately by using a traditional temperature method. In this study, CO 
concentration is measured to judge the position of smoke layer interface additionally. 
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3. Measurements of rise-time of smoke layer interface  
3.1. Experiment design 
Fig.2 illustrates the schematic device of the small scale experiment. Five dimensions of fire pools are chosen: 
5cm, 7cm, 8cm, 9cm and 15cm. The kind of fire source is methanol. Thermocouple tree located on centerline of 
shaft is used to measure the temperature of smoke. Ambient temperature is 20 . The inlet dimension is ć
0.1m(wide)×0.15m(high). 
The heat release rates of a fire sources were estimated based on a burning rates per unit pool surface area of 
methanol fires. For the case of fully developed compartment fire, the rates of burning are dependent on the opening 
size if the air supply from the openings is insufficient (i.e., ventilation-controlled); while it depends on the surface 
area and the burning characteristics of the fuel if the air supply is ample (i.e., fuel-controlled). According to 
Harmathy rule[19], the burning states belong to fuel-controlled fire in this paper, i.e. the burning rates is uniform 
under different fire source. 
An electronic balance was used to measure a mass loss of fire source. Fig.3 shows the results for 5.7cm and 
6.5cm fire source respectively. After using linear approach, the slopes, mass lose rates, are calculated which are 
0.02744g/s and 0.03062g/s respectively. So the average mass loss rate is 0.02903 approximately.  Considering area 
of pool and the heat of combustion, the heat release rate in the experiments are deduced: 507.21W for 5cm fire 
source, 994.12W for 7cm fire source, 1298.45W for 8cm fire source, 1643.34W for 9cm fire source and 4586.85W 
for 15cm fire source.  
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In a closed shaft, the smoke filled the fire room first after ignition and spread towards the shaft. Due to the 
confined space, the smoke spilled to outside of the device through the inlet finally. However, in an open shaft, due to 
the difference of pressure between inside and outside of shaft, a strong entrainment through the inlet was happened 
and stack effect appeared. The smoke is extracted through the opening located on the top of shaft. The difference of 
smoke movement in both shafts is shown in Fig.4.
˄a˅ ˄b˅
3.2. Experiment results 
The temperature distribution in open and closed shaft is illustrated in Fig.5. The locations for the 
thermocouples are shown in Fig.1, which are marked as 1,2,……8 from bottom to top of shaft. It is found that the 
average temperature in an open shaft is lower than that in a closed shaft due to the air-entrainment from outside 
under the same fire source, and the smoke rises up faster in open shaft. In both shafts, the temperature gradient along 
a vertical direction is enough big to use N-percentage rule to analyze. 
Near fire source, flame pulsations usually happen due to fire source and strong air-entrainment, so the rise-
time of smoke layer interface can’t be deduced exactly. In this paper, the temperature rising near fire source is 
considered to be insignificant. Namely, the experiment results is only fit for z/D>3.6. 
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Fig.5-1 Temperature distribution in small scale open shaft for 8cm fire source at initial stage 
Fig.5-2 Temperature distribution in small scale closed shaft for 8cm fire source at initial stage 
3.3. Analysis of experimental results 
a˅ Dimensionless rise-time of smoke layer interface in closed shaft 
Fig.6 shows the relation between dimensionless rise-time of smoke layer interface and dimensionless height in 
closed shaft. Through linear approach and average methods for different heat release rate, the dimensionless rise-
time is shown as follows: 
log 0.511+1.495log z
D
τ
§ ·
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Further,
1.503.24( )z
D
τ =
                                               ˄ 1 6 ˅
From Eq.(16) and Eq.(15), it is found that experiment results are higher than theoretical results. The reason is 
that heat transfer and viscidity to smoke are assumed to be insignificant in theoretical analysis. Factually they exist 
and restrain smoke layer interface to rise up. 
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Fig.6 Average dimensionless rise-time of smoke layer interface in closed shaft 
b˅ Dimensionless rise-time of smoke layer interface in open shaft 
For comparing with experiment results in closed shaft, same dimensionless rise-time definition 
1/3.
*( ) D
gt Q
D
τ = is selected in this section, which is shown in Fig.7. 
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Fig.7 Average dimensionless rise-time of smoke layer interface in open shaft 
Same to analysis in closed shaft, the dimensionless rise-time in open shaft is shown as follows: 
log 0.595+1.030log z
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further˖
1.033.94( )z
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τ =
                                               ˄ 1 7 ˅
From Eq.(16) and Eq.(17), it is found that the velocity of smoke layer interface movement in open shaft is 
higher than that in closed shaft when z/D>3.6. Though the temperature in closed shaft is more than that in an open 
shaft, the rising process is enhanced by stack effect in an open shaft.  
4. Concluding remarks 
A series of experiments were conducted to investigate into rise-time of a smoke layer interface in vertical shaft. 
Based on the results of these experiments, it was found that the dimensionless rise-time of smoke layer interface is: 
(1)  inversely proportional to the 1/3 power of the dimensionless heat release rate of the flame source;  
(2)  proportional to the 1.05 and the 1.50 power of the height in open and closed shafts, respectively. 
Furthermore, it is also proved that the smoke spread in open shaft is faster than that in a free space and closed 
shaft due to the stack effect under the same fire source and shaft dimensions with the velocity of smoke spreading in 
closed shaft being the least one. As to the roles that some crucial factors take our findings can be listed as follows: 
pressure difference between inside and outside of a building proves to be more important than the conduction and 
viscosity of the shaft side whose effect seems stronger than the air entrainment. 
Further, because the smoke movement in vertical open shaft is fastest, a smoking shaft could be used for smoke 
extraction. But it is only a theoretical advice, a farther technical feasibility need to be validated.  
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